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Nucleonic1S0 and
3PF2 pairing gaps in neutron stars are determined and their sensitivity to medium effects
realized through nucleonic three-body forces, and the presence of hyperons is explored.
DOI: 10.1103/PhysRevC.70.048802 PACS number(s): 21.65.1f, 21.10.Re, 24.10.Cn, 26.60.1c
The presence of superfluid nuclear matter inside neutron
stars(NS’s) seems to be theoretically well established[1].
The neutron fluid in the inner crust of a star is thought to be
in the superfluid1S0 state, whereas in the core one finds a
coexistence of superfluid neutrons in the3PF2 state and su-
perconducting protons in the1S0 channel. Specific observ-
able effects driven by the superfluidity are the glitch phe-
nomena[2] and the cooling behavior[3].
The sizes of the distinct pairing gaps are not well under-
stood. In particular, polarization effects[4,5] might render
the usual BCS gaps(which approximate the pairing interac-
tion by the bare potential) [6–8] quite unreliable. And apart
from this, even on the BCS level, the gaps are strongly in-
fluenced by the particular equation of state(EOS) of the
beta-stable NS matter via the single-particle(s.p.) energies
appearing in the gap equation[9].
In this report we study this effect, and in particular we
focus on the influence of hyperons whose appearance in the
NS matter strongly modifies the EOS[10] and, consequently,
the gaps. We also consider the direct effect(via the interac-
tion kernel) of nucleonic three-body forces(TBF’s) [11,12]
on the gaps. These forces become increasingly more impor-
tant in the higher density regime probed by NS matter. Apart
from these medium effects, our theoretical framework is the
standard BCS approach using a bare potential as an interac-
tion kernel and nucleon s.p. energies computed within the
Brueckner-Hartree-Fock(BHF) approximation[13].
We begin by briefly reviewing the different technical as-
pects of our calculations, focusing on the more general case
of pairing in the coupled3PF2 channel. The neutron-neutron
or proton-proton pairing gaps are computed on the BCS level


















Eskd2 = feskd − mg2 + DLskd2 + DL+2skd2, s2d









S1 − eskd − m
Eskd
D . s3d
Here m is the neutron or proton chemical potential deter-





TS srd jLskrd s4d
are the relevant potential matrix elements(with T=1 andS






are the BHF s.p. energies with the BHF s.p. potential
UBHFskd containing contributions due to nucleon-nucleon
two-body and three-body forces and nucleon-hyperon forces
[10].
Throughout this work we use as the fundamental two-
nucleon interaction(in the Bethe-Goldstone as well as the
gap equation) the Argonnev18 potential[14], supplemented
by the Urbana UIX three-body force[12,15],
V = V2 + V3, s6d
where the phenomenological three-body force has the simple
structure[12]
V3srd = ti · t jfsi · s jVC
2psrd + Sijsr̂dVT
2psrdg + VRsrd, s7d
containing central and tensor potentials due to two-pion ex-
change as well as a phenomenological repulsive part. These
effective two-body potentials are all density dependent and
result from a self-consistent averaging procedure over the
third nucleon in the medium.
Concerning the determination of NS structure, we follow
the approach described in detail in Ref.[10], namely, based
on the BHF calculations of the energy density of(hyper)
nuclear matter(employing the Argonnev18+Urbana UIX
nucleon-nucleon and the Nijmegen soft-core hyperon-
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nucleon potentials[16]), we determine the composition of
NS matter by solving the relevant equations of beta stability
and charge neutrality(including leptons, nucleons, and hy-
perons). The resulting EOS is used in the Tolman-
Oppenheimer-Volkov equation, yielding the internal struc-
ture (i.e., particle fractions) and in particular the mass-radius
relations for NS sequences. In our approach the inclusion of
hyperons leads to a much softer EOS and results in much
lower NS maximum masses[10] as compared to the purely
nucleonic EOS.
We now present numerical results obtained according to
the preceding prescription. Figure 1 shows the composition
of beta-stable matter as a function of baryon density, com-
paring results with and without hyperons(inhibiting the ap-
pearance of hyperons by hand). One notes the moderate on-
set densities for the(S− andL) hyperons in the range two to
three times normal nuclear matter density and the fact that at
high densities a large fraction of the baryon matter is com-
posed of hyperons.
Figures 2 and 3 show the1S0 and
3PF2 gaps for neutrons
and protons as functions of baryon density corresponding to
the matter compositions shown in Fig. 1, for the cases with
and without hyperons, respectively. We compare results ob-
tained in three different approximations:(upper panels) using
kinetic s.p. spectra and only the two-body potential in the
gap equation;(central panels) using the BHF s.p. spectra
together with the two-body potential;(lower panels) using
the BHF s.p. spectra and the two-body potential supple-
mented by TBF’s. In all cases the BHF s.p. spectra include
TBF’s, thereby ensuring the correct saturation point of sym-
metric nuclear matter.
One observes the following characteristics. In general the
self-energy effects suppress the pairing gaps, with the sup-
pression increasing with density. This is due to a decrease in
the effective nucleon mass and corresponding increase in the
density of states with increasing density. For very large
nucleonic densities,rN*0.7 fm
−3, the effect is reversed due
to the particular shape of the s.p. potentialssm* /m.1d at
this large density. This feature is, however, seen only in the
results without hyperons, since otherwise the nucleonic par-
tial densities remain limited.
The TBF’s induce a further suppression of the1S0 gaps,
whereas the3PF2 gaps are strongly enhanced at high density.
The reason is the repulsive character of the two-pion ex-
change[mainly the VC
2p component in Eq.(7)] in the 1S0
channel, which is the opposite to attraction in the3PF2 chan-
nel due to the change in sign of the operatorsi ·s j. Since the
FIG. 1. Composition of beta-stable and charge neutral matter
with (upper panel) and without(lower panel) hyperons.
FIG. 2. Pairing gaps in beta-stable matter as a function of
baryon density. Solid(dashed) lines denote neutron(proton) gaps,
in both the1S0 and
3PF2 channels. The different panels compare
different approximation schemes(see text). The EOS includes
nucleons, hyperons, and leptons.
FIG. 3. As Fig. 2, but for an EOS without hyperons.
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3PF2 gaps persist at high density, the TBF’s and their en-
hancing effect in this partial wave are particularly strong.
Finally, we show in Figs. 4 and 5 the gaps in an actual
M =1.2M( neutron star with and without hyperons, compar-
ing the results without any medium effects and those involv-
ing medium effects due to both BHF s.p. spectra and TBF’s.
Considering the results with and without hyperons, one notes
that in both cases the neutron partial densities are similar
inside the stars, whereas the proton partial density in the
hyperon star is nearly twice that of the nucleon star. This is a
consequence of the presence ofS− hyperons, which compen-
sate the charge of the protons[10]; see also Fig. 1. This has
two particular effects:(i) the proton1S0 gap extends further
into the nucleon star than into the hyperon star;(ii ) in the
hyperon star, a sizable proton3PF2 gap exists in the interior.
Apart from these differences, in both cases a neutron1S0 gap
is present in the crust and a neutron3PF2 gap extends
throughout the stars. The medium effects are in line with
those shown in Figs. 2 and 3; namely, the1S0 gaps are sup-
pressed(substantially in case of the protons) and the3PF2
gaps are strongly enhanced with increasing density.
In conclusion, in this article we explored the sensitivity of
the 1S0 and
3PF2 neutron and proton pairing gaps in NS
matter with respect to details of the pairing interaction(s.p.
spectrum, three-body force), as well as the underlying EOS
(with or without hyperons) determining the structure of the
star. We found a rather strong dependence of all these fea-
tures on the magnitudes of the gaps, which is understandable
due to the high density of the nuclear matter involved. In
particular, the BHF s.p. energies tend to suppress the1S0 as
well as the3PF2 gaps, whereas the UIX TBF’s act repul-
sively in the1S0 channel and attractively in the
3PF2 wave.
Certainly, with the rather schematic three-body force that we
used, this result has only qualitative character. We believe,
however, that the principal feature will survive a more elabo-
rate treatment of TBF. This enhancing effect of the TBF’s on
the 3PF2 gaps, if not compensated by medium polarization
ffects, could have important implications for the cooling
behavior of neutron stars[3,18].
In all cases, one finds neutron1S0 pairing in the inner
crust of the NS as well as proton1S0 gaps and neutron
3PF2
gaps in the outer core. The neutron3PF2 gaps(and also a
proton3PF2 gap in the case of hyperon stars) extend into the
center of the star.
The major uncertainty in our results lies in the fact that
we did not take account of polarization effects on the pairing
interaction and the gap, which are thought to be strongly
repulsive in the1S0 [4] as well as the
3PF2 [5] channel.
However, all of the investigations thus far have been for pure
neutron matter; the presence of protons in the NS might sub-
stantially change the picture due to the strong neutron-proton
interaction and corresponding polarization corrections. In
particular, in the3PF2 case this represents a very difficult
theoretical challenge, due to the enormous sensitivity of the
gap with respect to small variations of the in-medium pairing
FIG. 4. (Color online) Internal structure and pairing gaps in an
M =1.2M( neutron star. Top panel: pressure and energy density;
panel below: baryonic partial densities; lowest two panels:1S0 and
3PF2 gaps for neutrons(solid lines) and protons(dashed lines) in-
side the star, using two different approximation schemes(s e text).
The EOS includes nucleons, hyperons, and leptons.
FIG. 5. (Color online) As Fig. 4, but for an EOS without
hyperons.
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force. In fact, in this channel even the BCS results become
uncontrolled at higher density due to the uncertainties of
the nucleon-nucleon interaction at large scattering energies
[8].
Finally, we also note that a quark phase in the core of the
NS [17] and its implications for the nucleonic pairing were
not considered in this article. Additionally, for a reliable cal-
culation of the cooling behavior of a NS it would be impera-
tive to carry out a similar analysis for the hyperon gaps, for
which, however, the necessary hyperon-hyperon potentials
are not even known[19]. In this case even exotic types of
nucleon-hyperon pairing could become relevant in the situa-
tion of comparable nucleon and hyperon partial densities.
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